Myosin is an ATPase that converts chemical energy into directed movement and can be viewed as a molecular motor. This protein comes in many shapes and sizes. Over 11 classes of myosin have been identified, and it is anticipated that more will be found as the search continues (2). Indeed it has been recognized in one form or another in every eukaryotic cell examined. The common feature of all of these molecules is a section close to the N terminus that can be identified as a motor domain.
Myosin is an ATPase that converts chemical energy into directed movement and can be viewed as a molecular motor. This protein comes in many shapes and sizes. Over 11 classes of myosin have been identified, and it is anticipated that more will be found as the search continues (2) . Indeed it has been recognized in one form or another in every eukaryotic cell examined. The common feature of all of these molecules is a section close to the N terminus that can be identified as a motor domain.
Over the years considerable effort has been devoted to determining the chemical and physical basis of the energy conversion by myosin. All of the isoforms examined so far exhibit similar kinetic strategies and share common features of the cycle that converts chemical energy into directed movement. The key features of this process were identified 25 years ago by Lymn and Taylor (3) . Contrary to initial expectations, ATP hydrolysis in myosin is not coincident with the force-generating step (3, 4) . Instead, ATP binding initially reduces the affinity of myosin for actin, after which hydrolysis of ATP occurs rapidly and results in a metastable ternary complex between myosin, ADP, and inorganic phosphate (P i ). In this state, the equilibrium complex between ATP and ADP•P i is between 1 and 10 for skeletal muscle (5) (6) (7) . During this time there is rapid interconversion between substrate and products (5, 8) . Release of the hydrolysis products from myosin is catalyzed by the rebinding of myosin to actin. The energy transduction step occurs during product release (4) .
Thus myosin is an unusual enzyme in that the chemical step occurs at a different point in the contractile cycle from the energy transduction event. This most likely arose because myosin spends a very small time attached to actin (9) . This feature presents several interesting biochemical problems. How is the hydrolysis of ATP coupled to energy transduction, how does myosin catalyze the hydrolysis of ATP, and what is the physical basis of the metastable state? Insight into the structural foundation of these questions has been provided recently by the structure determinations of the motor domain of Dictyostelium discoideum myosin II complexed with several nucleotides together with the earlier studies on chicken skeletal myosin subfragment-1 (10 -14) .
Structure of the Myosin Head
The structure of chicken skeletal myosin subfragment-1 revealed the overall organization of the myosin heavy chain and its two associated light chains. It is a highly asymmetric molecule ( Fig. 1) where the thick part of the molecule is assembled from the heavy chain and the light chains wrap around a long ␣-helix to form an extended motif (10) . The molecule is characterized by several deep clefts and pockets, one of which forms the nucleotide binding site. This was initially identified (in the absence of nucleotide) from the location of the phosphate binding loop and position of amino acid residues implicated by chemical modification (15, 16) . A second prominent cleft splits the myosin head into two major domains and extends from the nucleotide binding site to the actin binding interface. It was proposed that domain movements associated with this cleft provide the communication route between the nucleotide site and the actin interface during the contractile cycle (11) . The organization of the myosin head also suggested that the globular part of the myosin head formed a catalytic domain and that the light chain binding motif served to transduce, amplify, and moderate the conformational changes induced by ATP hydrolysis and interaction with actin. This role for the light chains has been confirmed by in vitro motility measurements on fragments that lack one or both of the light chains (17) (18) (19) . Removal of the light chains generates a catalytic fragment that retains much of the enzymatic activity of myosin (18, 20) . These observations confirm the autonomous, yet coupled, nature of these regions of the myosin head.
The catalytic domain of D. discoideum myosin II, S1Dc, 1 in contrast to most other myosins, crystallizes readily in forms suitable for high resolution structural analyses. So far the structures of S1Dc have been reported in the presence of Mg-PP i , MgADP⅐BeF x , 2 MgADP⅐AlF 4 , and MgADP⅐VO 4 (12) (13) (14) . These have defined the nucleotide binding site and provided a structural basis for catalysis. These complexes were investigated because extensive biochemical and physiological studies have demonstrated that these correspond to distinct points in the contractile cycle (21) (22) (23) (24) (25) (26) . Vanadate, beryllium fluoride, and aluminum fluoride have been studied extensively as analogs of the ␥-phosphate of ATP (1, (21) (22) (23) . The complexes fall into two conformational states represented by the beryllium and vanadate complexes discussed here.
Nucleotide Binding Site
The nucleotide binding site is located in a pocket at the interface of the 25-kDa N-terminal and the central 50-kDa tryptic fragments ( Figs. 1 and 2 ). The nucleotide lies parallel to the plane of a seven-stranded ␤-sheet, where the ␣-and ␤-phosphates interact with the P-loop and a loop from the 50-kDa segment. In all of the complexes examined so far (MgADP⅐BeF x ⅐S1Dc, MgADP⅐AlF 4 ⅐S1Dc, and MgADP⅐VO 4 ⅐S1Dc) MgADP lies in a very similar position such that the major differences are observed around the putative location of the ␥-phosphate and the C-terminal section of the protein. In contrast to the G-proteins, there are very few interactions between the adenosine moiety of the nucleotide and the protein that discriminate between adenosine and other bases. There are, however, extensive interactions between the ␣-and ␤-phosphates and the analog of the ␥-phosphate (BeF x , AlF 4 Ϫ and VO 4 3Ϫ ) that are strikingly similar to those seen in other proteins that utilize a P-loop to coordinate a nucleotide (27) . The magnesium ion is octahedrally coordinated to two protein ligands, two water molecules, one oxygen from the ␤-phosphate, and one atom from the analog of the ␥-phosphate.
In the beryllium fluoride complex, the BeF x moiety forms a coordination complex with ADP that adopts the anticipated configuration of ATP prior to hydrolysis. The beryllium atom is tetrahedrally coordinated to three fluorine ligands and a terminal oxygen on the ␤-phosphate with a geometry close to that of ATP. The beryllium fluoride complex mimics a prehydrolysis state and has an overall protein conformation that is remarkably similar to that seen in chicken skeletal myosin subfragment-1 (10, 12, 13) .
In contrast the vanadate complex exhibits a different conformation around the ␥-phosphate binding site that is propagated to the C-terminal region of the molecule. This results in a major rearrangement of the polypeptide chain beyond Lys-690. The difference is seen as partial closure of the cleft that splits the central section of the myosin heavy chain (Fig. 3) . This is accomplished by changing two backbone conformational angles in the connector region between the upper and lower domains of the 50-kDa region and results in closure of the cleft by 10°. However, the tertiary structure of the individual domains of the MgADP⅐VO 4 ⅐S1Dc and MgADP⅐BeF x ⅐S1Dc complexes remains the same. The conformational change is induced or stabilized by interactions with the trigonal bipyramidal vanadate moiety seen in the ␥-phosphate pocket.
The vanadate ion adopts a trigonal bipyramidal coordination in the ␥-phosphate binding pocket where three oxygen atoms lie in a plane and the axial positions are occupied by a bridging oxygen from the ␤-phosphate and an additional water molecule (Fig. 4) . The bond distances for the two apical bond V-O distances are 2.3 and 2.1 Å, respectively. These differ significantly from the equatorial V-O bond distances of 1.7, 1.6, and 1.7 Å. The typical single and double bond distances for vanadium are 1.79 and 1.57 Å, respectively (28) . Thus the apical bonds to the vanadium ion in MgADP⅐VO 4 ⅐S1Dc have a valency that is considerably less than unity, whereas the equatorial bonds as a whole are greater than unity (28) . The coordination complex between the vanadate and MgADP is a realistic analog of the metaphosphate-like transition state for phosphoryl transfer. The structure of the vanadate moiety is similar to that seen in the complex of ribonuclease with uridine vanadate (29).
Mechanistic Considerations
As mentioned earlier myosin is an unusual enzyme because it forms a metastable state (ADP•P i ) after hydrolysis. In the absence of actin, product release is slow. The structure of the vanadate complex provides an explanation for this state since there is reduced access of solvent to the ␥-phosphate pocket caused by partial closure of the cleft. If this conformational change is essential for hydrolysis and attainment of the ADP• P i state it suggests that the phosphate group will be trapped in the ␥-phosphate pocket. Kinetic studies indicate that the phosphate ion is released prior to ADP during the contractile cycle (4, 8) . The arrangement of MgADP and the vanadate demands that the phosphate ion cannot leave via the same route that the substrate enters. It is unlikely that the phosphate ion could squeeze past MgADP. Indeed the x-ray structures indicate that phosphate may depart from the bottom of the active site pocket as has been also suggested from modeling ATP in the active site of myosin (30) . These structures imply that release of phos- phate must be accompanied by a second conformational rearrangement, which has been proposed to occur when myosin rebinds to actin (31) .
Comparison of ADP⅐BeF x with MgADP⅐VO 4 ⅐S1Dc (Fig. 4 ) provides insight into the structural basis of ATP hydrolysis and the role the conformational change plays in the generation of movement. It is well established that hydrolysis of ATP occurs by attack of a water molecule on the ␥-phosphorus (32) (33) (34) . Examination of the ␥-phosphate pocket in both MgADP⅐BeF x ⅐ S1Dc and MgADP⅐VO 4 ⅐S1Dc does not reveal any amino acid side chains within 5.5 Å of the beryllium or vanadium that might function as a catalytic base. This suggests that the nucleotide must be the base and that water might transfer its proton directly to the ␥-phosphate. A similar mechanism has been proposed for the G-proteins (35) (36) (37) . Alternatively, the proton transfer might occur via hydrogen exchange with O-␥ of Ser-236 that is coordinated to the terminal water molecule on the vanadate and one of the equatorial oxygen atoms. This mechanism would provide better stereochemistry for proton transfer from the incoming water to the ␥-phosphate than direct transfer (12) .
The overlap of ADP⅐BeF x with MgADP⅐VO 4 ⅐S1Dc (Fig. 4 ) also shows that the ␣-and ␤-phosphates and ribose of these complexes adopt almost identical locations in the phosphate binding pocket. This suggests that the leaving group, MgADP, does not change much as the transition state is approached. The overlap also shows that the three fluorine ligands of BeF x and three equatorial oxygen ligands on vanadate lie close to the same plane. This suggests that in proceeding from the ATP ground state to the transition state the oxygen atoms remain close to the observed position of the fluorines and vanadium oxygens while the phosphorus to oxygen distance increases. This fits into the expected picture for phosphate hydrolysis. However, this raises an interesting question of why the BeF x adduct does not adopt the conformation observed in the vanadate complex. It is not due to the formation of the additional hydrogen bond between the amide hydrogen on Gly-457 and an equatorial vanadate oxygen, since the same bond could be formed to a fluorine on BeF x . A likely reason for differences in conformation adopted by the BeF x and vanadate complexes lies in the water structure surrounding these moieties in the ␥-phosphate pocket.
There is an approximately tetrahedral distribution of ligands and an extensive hydrogen bond network surrounding the apical water coordinated to the vanadate moiety. This suggests that the axial attack of a water molecule on the ␥-phosphorus of ATP would be stabilized by these interactions also. This constellation of interactions that stabilizes the location of the water molecule in the vanadate complex is not available in the beryllium fluoride complex or presumably in the prehydrolysis ATP state due to the different protein conformation. It would appear that the conformation observed in MgADP⅐VO 4 ⅐S1Dc is optimized to orient a water molecule for nucleophilic attack on the ␥-phosphorus atom. Conversely this suggests that premature hydrolysis of ATP and loss of hydrolysis products when the apex of the ␥-phosphate pocket is open is prevented by the stereochemically restricted environment of the active site.
There has been considerable discussion over the nature of the transition state for phosphoryl transfer in enzymes and in solution (38, 39) . In reactions with model compounds in aqueous solution there is compelling evidence for a metaphosphatelike transition state that is essentially dissociative without the formation of metaphosphate itself (40) . However, the experiments on model compounds have not necessarily emulated the environment of the active site of an enzyme. In particular it is difficult to simulate the restricted stereochemistry and ionic configuration provided by an enzyme nucleotide binding site. Consequently the situation is less clear for enzymatically catalyzed reactions. The structure of MgADP⅐VO 4 ⅐S1Dc provides a glimpse of the environment that is likely to surround a metaphosphate-like intermediate at the transition state. For myosin it would appear that there is no difference in the environment or structure of the ligands that coordinate ADP in either MgADP⅐BeF x ⅐S1Dc or MgADP⅐VO 4 ⅐S1Dc. This suggests that the leaving group (ADP) experiences a very similar environment in the ground and transition state. Rather it seems that hydrolysis requires a conformational change in the protein that orients the nucleophilic water for attack on the ␥-phosphate. This structure appears to be more consistent with greater bond order to the attacking and leaving groups in the transition state for hydrolysis than might be predicted for a purely dissociative mechanism. This is consistent with the conclusions derived from a detailed study of phosphoglucomutase (41, 42) .
Conclusion
The structural studies on S1Dc confirm the value of phosphate analogs as models for understanding phosphoryl transfer. They demonstrate that beryllium fluoride is an analog of phosphate whereas aluminum fluoride and vanadate are analogs of the transition state for phosphoryl transfer. The coordination complex between the vanadate moiety and ADP is a particularly realistic analog of the transition state for phosphoryl transfer. In combination with biochemical and physical studies these structures provide insight into those factors responsible for myosin's enzymatic activity. There remain, however, many questions concerning the structural connection be- tween the ATPase activity and the generation of movement. Initially it was suggested that closure of the nucleotide binding pocket was the source of the conformational change that underlaid this process (11) . The studies of Dictyostelium myosin show that this is not the case. Rather it appears that the conformational change that occurs in the ␥-phosphate pocket is transmitted to the light chain binding motif through the Cterminal region of the molecule that contains the reactive sulfhydryl groups. The present hypothesis suggests that attainment of the metastable ADP•P i state is coupled to a conformational change that is reversed on rebinding to actin and is ultimately responsible for the energy transduction, in which case the interactions between the light chains and the motor domain become critical for the energy transduction process and may account in part for the participation of the light chains in the regulation of the myosin ATPase activity. This is a fascinating aspect of the myosin molecule as revealed by the structure of the light chain binding motif of scallop muscle (43) . Unfortunately space limitations preclude an adequate treatment of the role of the myosin light chains in energy transduction and regulation.
